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SUMMARY

The problem of heat and mass flow in a single phase cryogenic storage

‘system has been treated. During the course of the project, equations des= .

cribing the systiem were developed, thermodynemic and transport data were

assembled, and a Fortran computer program was written to solve the problem,

.Fluids which were considered were oxygen, hydrogen and helium, It was

intended to make the computer program general, In this regard, the pro-
gram can accomodate any vessel geometry; both fluid withdrawal rate and
input heat leak may be arbitrary functions of time, Although the program
is relatively complex, the v'éupporting theory 1s relatively simple. The
theoretical concepts which were employed are: conservation of mass, cone
servation of energy, and Fourier's _Law for heat flow,

To test the Fortran program, the performance of an oxygen supply sphere

was studied, Of the initial charge of 27 lbs. of LOX, nearly 2 lbs, were

vented, 23,6 lbs. were supplie‘d, a.hd 1.4 1bs., remained in the sphere at.the
end of the mission, Fluid temperatures varied from 198° to over 450°R,
Pressure increased from 80 psia to 1000 psia in 786 min. During the ‘supply
period, pressures varied +75 psi about the control level of 900 psia., About
1500 Btu of electrical energy were delivered to the heaters in order to

maintain pressure, These results indicate that the program is operational,




INTRODUCTION

Tﬁe storage and supply of cryogenic fluids is ixr;portant in several
areas of the space program. For example, consider the use of static
eleotrical heaters to supply hydrogen and oxygen to a fuel cell system at
pressures within a specified interval., Design of such a cryogenic storage
system requires a detailed thermodymamic analysis, Included in such an
enalysis wpuld be temperature profiles through the .stored fluid, heater
surface temperatures, preséure, and heater reqﬁirements. The. underlying -
theory is not difficult, but its application is very tedious. Fortunately,
the problem may be solved by digital computing methods ~~ 80 that detailed
designs are neither difficult nor expensive,

The purpose of this report ié to describe the dévelopment, check-out,
and use of a digital computer program sultable for design of a cryogenic
storage system. Stored fluids may be oxygen, hydrogen or helium, A des-
cription of the storage system is given in the Statement of Work, Appendix A,

A word of caution seems to be in order concerning the use of this
program. The results, even though they are produced by a computer, should
be examined critically. It is not at all difficult to input an incorrect
data card. The theory, contained in the program, may not always apply
to a real system because of mixing effects. The thermodynamic and transe

port data used in the program may contain significant errors,




TECHNICAL DISCUSSION . e

Theoretical Develorments

Heat flow is assumed to occur either by conduction or by radiation,

The Fourier law expression for conductive flow is
a--agL (1)

where the symbols are defined in the Nomenclature seotion. Only rarely
can (1) be solved for a real system and it is a common expedient to 'use
finite difference approximations of (1).

The theory of difference approximations is complicated, and only the
important results will be mentioned here. In using finite differences,
one divides a physical system into n volume elements (nodal points). The
larger n becomes, the better will be the degree of approximation to the
solution of (1). Practical considerations such as computer budget and
required design accuracy place the upper limit on n., For the simple system
depicted in Fig, 1 the finite difference approximation to (1) for heat

flow from element one to element two is

qiz = kA Dx _ (2)

The ‘conductance, K, ,, is kA/Qx and may be used to simplify (2) as

élé - K (7 - 1) | ' (3)

For conductive flow in solid elements in the system, K is assumed to

be constant and must be input on the 200 type data card (see Input Instruc-

tions below). Because of the extreme changes in pressure and temperature,
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'FIGURE 1

AN ImUSMﬂON OF FINITE DIFFERENCE APPROXIMATIONS




it is not possible 'to assupe fluid conductivity as oonstant. Thus the fluid
conductances are computed point«by-point. It is necelslsa.ry to input the
A/Q\x portion of the conductance, and this is handled on the 201 type data
card (see belc;w);

Thermal radiation followes a different relationship and would be written

2y, = OAF, (2*_mh | |
ay = T8y (17 - 10) ‘ | (4)
for exchange between elements one and four, Computation of the 13 18 not
always easy but McAda.msl shows how this may be done. Even (4) may be

forced into the form of (3) by defining the radiation conduotance

%

Ky, = 04T, (12 + 1% wrn? 4 ()
Now the temperature terms in (5) change during computation and this requires
point-by-point evaluation of K » The constant factors, in (5), OA%, are
_input on the type 202 data cards (see below). "
‘ Material balance considerations are necessary and are used in a number
of ways., The total balance simply involves

My = Z Vi Py (B ) (6)

fluid elements . ,

Usually it is necessary to find P such that (6) is satisfied, That is, the
fluid masa‘ and temperature distribution 6v§r the volume elements is known
a.ndv then the equation is solved for P, A very simple trial and error process
is employéd here. As an initiall guess a value P, say Py, is used in (6)
and this provides a correspondi;lg mass Ml‘ If M.l=' M‘I" the assumed P:1

is too large and a fixed increment, say 1 psi, is subtracted from P1 to

L
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Two forms of the energy equation are msed -- one allowing for maés
transfer, (9), the 'other allowing for no mass transfer, The former case
can handle only unidiredtional systems while the latter can handle any
geometry., For an olemén@; of fixed volume, and neglecting flow, the energy °
equation is

dE

1 ' | |
Mi i § qu + P ' . (10)
and . '
H =B + PV /M R (1)

The use of (11) in (10) gives
= .

- . 4P
M gtm Ly tEBrVa (12)
| J | |
For real fluids enthalpy depends on both pressure and tempera.tu:re‘ and
@ = CdT + CpdP A - (13)

The form of the energy equation as used in the program is obtained by
using (13) in (12) and replacing M, by p

ar, |
VP, 5% - L ‘131 +F o+ (1~ Pcm) ) 5 (14)
: J

In order to maintain consistent units a conversion factqr, allowing for
equivalence betwsen heat and mechanical ener&, must be used in the last
term of (14).

When mass flow is included, the energy equation becomes more complicated,

see Appendix E for details,

dE,
vip-é-‘;-. Z qdi+r +m oy By - 1)+m (E - §,) (15)




By means of (11) end (13), it is possible to introduce variables P and T

into (15).
d'l‘:’ ‘ Z .
vip(cp-nz-mzp)—-d—;. gy
v
. n,ZRT. -V, P (C, = RTZ,) &= 6\)'
+Fy +mg o (B o -H +BIL) - n,2RT, -V, P (Cp - RTZ) 5 - (x

The machine program is designed to solve either (14) or (16), Besides
these options it may also treat the case of a perf?ctly mixed fluid, This
gituation would prevail if an agitator were used in the storage system,

The completely mixed state is the same as (14), but assumes that oﬁly a
single fluid volume element existsv.“

Equations (14) and (16) are set up for each volume element in the
system and numerical solution is employed. Although these were derived for
fluid elements, it should be easy enough for the‘ rear?.er to develop the
appropriate forms for solid elements. The e_Quations, regardless of element

type, may be placed in the following form
aT
i
i, jz Ky (TJ-T1)+S=1. | Q7

where S, includes all terms on right side of either (14) or (16) except

the summation terms, The approximate solution of (17) 48

!
I

(1 - U)X Z KTy + )

T, (t + Ot) - UT, (t) + — § (18)
SATED I Ky
where U = exp ( c;l Yo

Computation starts at 1 = 1 and runs consecutively through the nodes

with new temperatures being used on the right hand side of (18) as they




are generated, This method is unconditionally Btablez. Thus the computa-

tions will not *blow up®* if the 5 ussed, However, i

5%

rong

be seriously in error., The only

g B

tude of At is too large, the answers
reliable test of the magnitude of Ot is to run another case with a smaller
A\t and check to see that the answers are similar,

Calculation of the dP/dt term requires some discussion, Since this
term should contribute only a small amount to the heat balance, the value

one time step behind is used, That is, for computing T (t + ODt) we use

aP - A '
E-P (t) &it Nt)  (20)

This technique, which has p;-oven to be successful, saves simul taneous
solution of the energy and continuity equations., As a result the computer
time for a solution is greatly reducedﬁ.

A similar procedure is used on the flow terms of (16). At the end of
a temperature computation cyocle Ti (t + At) is known. The corresponding
pressure P (t + At) is found from (6) and (7)s But P and T, determine
Pi,t+At vhich in turn determines l;i,t-o»At from (9)s These 2 values
are supplied to the energy equation and will be used to compute T s (t + 200).
Thus the cycle is complete, To start the process both d.P/dt and 1:11 are
assumed to be zero, |

At arbitrary times during the mission the contents of the storage system
may be agitated, thus eradicating all temperature é-adients. This mixing
process is one of constant fluid mesas and constant internal energy. Con-
tained in the computer program is a subroutine which finds the mixed
pressure and temperature. This is a double iteration process since both.

P and T are unknown. To begin the golution the initial energy is found from -

S e —————— e—————————————————————— —




O @

E - ) VP (8 -zmY) - (1)

and the mass is found from (6). The initial guess for 'l'm is the lowest

temperature in the neiworke Nex

the first values of 'I'm and Pm’ the fluid energy is

By = Vo P (2, B,) (B, - 2T ] (22)
Now E:must be less than El!*‘since the lowest element temperature was used |
for '.l'm. - On the next iteratipn cycle the value of Tm is increased by 5°
The cyole is repeated q times, constantly inoreasing rm until E; exceeds
E*. At this point T is determined by linear iInterpolation from a formula
similar to (n.

Because of the difficulty of treating heat flow in two-phase systems,
the analysis begins when the Bys'tem attains qingle~phase qonditions. If
the system is charged with two fluid pheses, it is assumed that sufficient
time, prior to launch, is provided for the system heat leak to raise the
pressure to a single-phase condition. On the other hand, if the system is
charged with a single-phase fluid, analysis begins immediately.

Fige 3y a plot of pressure Vs, density, is helpful in explaining the
starting process., For the test ﬁrdblem presented in Appendix A the average
initial density is 64,5 lﬁ/ouift. and fi1l preéaure is 14,7 psia., System

heat leak will increase pressure and the fluid wili become single-~phase

‘at 76 psia. The corresponding saturation temperature is 197°R. These

values would be used to start the heat flow analysis,
If the initia.l conditions were a density of 64.5 lb/cu.ft. and 100 psia,
then the fluid isjsingle-pha.ge. Starting values in the 'anaiysis would be

100 psia and the corresponding temperature 197°R,
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the critical pressure in, the pressure vector, Hence the oritical values
of enthalpy, compressibility,‘/ and thermal conductivlity will always appear
in the two-dimensional array, |

It is necessary to pick the initial starting pressure within the
bounds of the array, and all resulting machine calculations must be within
these bounds.

The number of significant figures given in the tables is not justified
on the basis of the uncertainties of the data, bu1; is presented in order |
to maintain internal consistency. ‘

A listing of the data matrices is inolt;.ded in Appendix C, Also included
in Appendix C are the figures based on various correlations which were used
to obtain the desired data. (See sections below on oxygen, h&drogen and

helium data compilation).

1) Oxygen Data Compilation
The extent of the tsbles is from the normal boiling point (162°R:
at 1 atm.) to 1620°R and 100 atmospheres,
The enthalpy data, up to 300°K, was taken from N,B.S. Report 7922
and from N,B.S., Circular '56‘4-5 for higher temperatures, The compressibilities
were based on density data from Report 7922 and Circular 564,
~ The lack of accurate thermal conductivity data necessitated extrapo-
lation above 300°K, Figure C-1 shows a pl.ot of data from the compendiumB.
In order to obtain values corresponding to the pressure and temperatuz{e
vectors, linear interpolation was used to 300°K, The general extrapolét:l.cm

form y = mx + b was used above 300°K, There is an apparent error in the

compendium data table., At 73.16°K, well below the normal boiling point,




°

there is a discontinuity in thermal conductivity from 1 to 20 atm, It is
expected that the thermal, conductivity for liquids is little affect'ed by
| pressure, Hence, the conductivity at 1 atm, was assumed the same as that
at 20 atme Although the major area of interest is to 600°R, the extra-
polated conductivity data is included to take care of thermal gradients

which may show up in the‘ system, k

A generalized correla.tion6 based on data from the compendium was used
to produce values within about 5% of those obtained from extrapolation.
| 2) Hydrogen Data Compilation ,
The extent of the d;ta is from the normal boiling point of para=
hydrogen (36.5°R at 1 atm,) to 990°R and 100 atmospheres, i

This compilation is difficult because of the para~ortho conversion,

O ’ | Figure C-2 shows the percent ortho composition at equilibrium with normal
hydrogen (75% ortho=25% para) prevailing above 500°R, In practice, the
composition is generally unknown, For the data tables, parahydrogen data
were used from 36.5°R t\b 180°R and normal hydrogen values from 270°R and up,

Since both parahydrogen and normal hydrogen values were used in the
enthalpy table, it was necessary to use the same enthalpy base for each

system. The following relation represents the enthalpy balance that exists

Hnornia.l - Hpet:m. + Hc + AEbase ) (23 )

Ho is the heat of conversion and AH.b ase represents any base difference '
betwoen the normal and para data sources, The heat of oconvorsion was
taken ﬁom the oompendiums, and when substituted into the above equation,
produced a Anbaae = 0, ‘Henoe, the enthalpy data of norn;al b&drogen taken
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from N,B.S., T 1207 and Circular 5616-5 can be entered in the same table

with parahydrogen data from N.B.S, IN 1508. For normal hydrogen, TN 120
was used over the temperature range from 270°R to S40°R and Circular 564
was used for higher temperatures, '
Compressibilities were based on density da;ta from TN 1207 and Circular
5645 o Parahydrogen densities from TN 1308 differed from normal hydrogen
densities by less than 5%, Hence, the accuracy of the data permits the
use of compressibility based on normal hydrogen for ’ch.e entire data matrix,

A P-T-V chart for hydrogen from the compendium supplied the liquid

densities. Figure C~3 is a plot of density data extrapolated from TN 120

'which agrees well with the P-T-V data of the compendium,

6

The gaseous thermal conductivity is based on a generalized correlation
using 1 atm, data from the compendium rather than a reduced value of thermal |
conductivity as a reference.‘ The generalized plot produc,edvvdues for nomai
hydxrogen. Pa:raiwdrogen values were obtained from a plot of the ratio of
parahydrogen conductivity to normal hydrogen c,on}ductivity ocontained in the
compendium3. ‘ . ,

The conduotivity of saturated liquid pafahydrogen was obtained from
the compendiuma Since the conductivity of a liquid is little affeéted by
pressure, thé saturated liquid vallues were assumed to prevail at all pressure
levels uaeci in the data matrix, It should be noted that the errors in the .
conductivity data obtained from this correlation may de 30% or more near
the critical point, . |

3) Helium Data Compilation

The extent of the data for helium is from the normal boiling point

(7+5°R at 1 atmi) to 1080°R and 210 atmospheres,

e - N e T
= = —
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Enthalpy data to 100 atmospheres and 600°R was supplied by N.B, Se

v 15410 with high pressure and high temperature data coming from NASA-

Houatonn

(-]

Figure C-% is a plot of density data used to obtain compressibility
factors, Compressibility data from NASA—Hmston was used above 100
atmospheres and above 54°R, |

6

The generalized correlation of Gambill® was again used for thermal

conductivity, The large reduced pressures of the data matrix extended

6 requiring the cross plot éhown in Figure

beyond the bounds of Gambill
C~5. The one atmosphere data compared very well with that of the compendium,
Note that the possible errors obtained from the correlation may be as much
as 30% or more near the oritical point,

Interpola._tion Procedures

Linear interpolation in a function of two independent wariables
(pressure and temperature) is equivalent to passing a plane through three
tabulated points, Thus the data surface is represented by a series of
planar areas == much like shingles on a roqf. This is an impossible
representation since it does not allow tﬁe data to vary in a continuoné
manner, '

A four point interpolation formula was found to give gooci results,
allowing the data to be represented in a continuous manner over the TwP
plane, The theory is illustrated for canpressibiiity faétor.

Z2(7P) =2 (T, P)+a(P=T)+b(PaP)ro(Tar)(P=P) (24)




Q

o
O

The three points bounding the rectangle whose southwest corner is (’1‘09'? o)
are used to determine a, b, and ¢ in (24)(see Figure 4),

z2 (T, + AT, P)=-2(T,P)

a = AT
T, -
. z (T, P+ 2? Z (To, Po) (25)
z2 (2, + AT, P+ OAP) -2 (T, B) < alAT = bAP
¢= JANTANS

The pressure and temperature at which 2 is required is within the reotangle
shown on Fig. 4e The quantities Zp end Zy,may be readily obtained from (24)
By differentation. |

Because properties may change in a discontinuous fashion at suberitical
pressures, four point interpolation is not always possible, This situation
prevails whenever the southwest cornmer point, Fig, 4, is a subcritical
diagonal matrix element, Eor this special case only three points are
available and interpolation is effected by passing a pla:n'e through these
three points. |
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Notes J and I denote program variables

. 2(2,, P°+AP) ' ) z.(7, + AT, P+ Ar) |
o 3,1-1) e (1) |
4
l . _z(r;.,ro) © z(z + AT, )
0 (Jel, I=1) 0 (3, I-1)

Temperature

FIGURE 4 INTERPOLATION CRID g

— —— L 5T




PROGRAM DESCRIPTION e

General Comments

The above analysis has been iﬁcorporated in a Fortran IV computer
programe, The main part of the program is entitled DORF and this émploys
subroutines Z0T, DATA, SMERSH and GULCH,

Subroutine ZOT performs the finite difference caloulation accord._ing

to (18). Parameters which mst be fixed prior to entering ZOT are the

- conductor and ocapacitor values over the network and the heat inputs. From

" these values ZOT computes a new temperature distribution. 2ZO0T is not

needed in the perfect mixing case.
Subroutine DATA is used to generate conductivity, compressibility
factor, density, enthalpy, cp, Cps Zp and Z;, from pressure and temperature,

Whenever the input pressure or temperature exceed the bounds of the tabu-

lated data, an error message is output and the program terminates.

Subroutine SMERSH and GULCH are very similar. SMERSH generates time
varying mass withdrawal rates while GULCH generates time varying heat leaks,
The vectors Jan, Jim, Jack and Jill require some discussion. For &

system of arbitrary configuration there will be M volume elements (nodes).

Handling such a system on a computer is a tedious procedure, and this

procedure will be sketched, The elements are assigned the first M integers
as labels and may be in any order (excefpt as noted above for the mass

transfer option)e. ,
A total of N conductors appear in the network and these are identified,
upon input, by the two node numbers which the conduotor Joins, Although a




o

()
\0

pair of node numbers is suffiocient to identify a conductor, and-program
a.Bsigna' each conductor an identifying number, see Table I, This table

is constructed for the sample problem described belows

Table I
Illustration of Jan and Jim Tables
Conductor Index (I) Jan (I)  Jim (I)

1 1 2 .
2 2 7
3 2 5
b 7 3
5 3 ok
6 4 8
7 6 5
8 o 5
9 5 6
10 6 9
1 7 8
12 8 9

Conductance coefficients, A/Ax, are stored in XNDR(I) where I corresponds
to the index in Table I, These XNDR coefficients are necessary to compute
the correspon;ling conductance values which are stored in the CNIR vector,
Althoudz'}Tablo Iis euffioien't to desoribe the network, computing
time may be rédu§ed by placing these data in another form, The Jack and -

Jill vectors éerve this purpose. Finite difference computations, performed

by Z0T, start at node 1 and continue sequentially through all nodes.




N
(>}

Entries in both Jack and Jill are arranged in blocks which are separated
by zero, Each block provides conductor and node nmpbers pertaining to a

single node, Table II is a partial list for the data of Table I, Con= -

tained in Jack are cbnduotor numbers from the left column of Table I, N

In Jill are the corresponding node numbers, For example node 1 is joined |
"by conductor 1 to node 2, Thus the entry in Jack is 1 and in Jil1 is 2,
No other conductors join node 1 to other nodes so tgxe block is terminated
by a zero. Node 2 is joined by conduotors 1, 2 and 3 to nodes 1, 7 and

3, and this comprises the second block in Table II. The program sets-up
these tables for the entire network (only results for the first three

nodes are shown in Table II),

Table II
Illustration of Jack and Jill Tables
Index, § - Jack (J) Ji11 (J)

1 : 1l 2
: Node 1
2 0 0
3 1 1y
A 2 K
> Node 2
5 3 3
6 0 0
7 3 2 )
8 4 7 N
. ~ p Node 3
9 5 4
10 0 0/

\<
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Program Flow Charts

Figs. 5=9 show the logical sequence used in the program, Because of
the length and complexity of the program, it is not possible to show every
step. The main program begins by reading the network data, sets-up a
number of tables, and proceeds through the solution of the program, Sube .
routines SMRSH and GULCH are not illustrated as they are so simple,

Each only involves six Fortran statements,
Input Instructions

In order to solve a storage system problem it is necessary to prepare
a number of input data cards, This is a very orucial ipart of the solution
- process as key punch errors, out-of-place cards, or decimal point errors
will surely cause troubles Fig., 10 shows the ordering of these cards.
Only the last block, the thermodynamic data cards, is supplied with the
program cards.' ‘All other blocks must be prepared by the program user,
Cards within the Network block, with the exception of the 301 cards, may
be in any order, See the following list for detailed instructions,
Numbers following the definition of input items are IBM card column loca~
tions. _

DATA OARD 1, FORMAT (14, TEL0.0)
MWT = moleoular weight of fluid in the system, columns 1,
QLEAK = heat leak rate into system, BTU/min., average value from
£ill time to time PMAX is attained, S5-14,
VOLUME = fluid volume of the containing vessel, £1>, 15-2k,
2A8S « total mass of fluid in the .vessel, 1bs., 25-34, |
ZIGMAS = total mass of fluid in the liquid phase, 1bs., 35-ilte |

N

ot s o ris




PZERO
PMAX

TTWO

[
M

« initial ‘pressure, psia, 45-54,

~ system deliverj pressure, psia (900 psia in sample
problem), 55-6l,

- time at which fluid withdrawal begins for system use, *

mins, » 65-71"0

DATA CARD 2, FORMAT (S5I4, 4E15,5)

IRMA
LYDIA
LULU
LISA
KIM
DIDME

DELP

FLUX

" = number of solid nodes, Yk,

« number of gas nodes, 5-8,

= number of solid conductors, 9-12,

number of gas conductors, 13-16,

= number of radiation conductors, 17-20,

= computing time increment for program except as below,
min,, 21-35,
« computing time increment while heater is on during

main supply phase, min., 36=50,

- = pressure span (plus or minus) about PMAX for heater

_ control, psi, 51=65, .
- total heater output, BTU/min., 66-80,

NETWORK DATA CARDS, FORMAT (3Ik, 3E15.5; 2I4)

LUl
NUMBER OF
CARDS

I = 200 signifies solid conductor, l-i.

4

J,X Nodes to which solid conductor is comnected, 5-8
and 9-12,
XY Conductor value, computed by multiplying the conduocting
N area by the conductivity and dividing by the conducte
ance path length (held fixed), BTU/min °R, 13-27.
XZ = 0,0, 28-42, '
YZ = 0,0, 43-57,

(leave last two integers blank)

A

e —— = o




LISA
NUMBER OF
CARDS

NUMBER OF
CARDS

N
\N

I = 201 signifies fluld conductor, l-it, -
( JoK Nodes to which fluld conductor is connected, 5«8 -
and 9-12,
XY Conductor length, computed by dividing the conducting -
area by the conductance path length, ft. (multiplied
< by the conduotivity in the progrem to obtain a cone
duoctor value. The oonduct:i.v?.ty for the fluid volume
is a function of the local pressure and tempera-
ture,), 13-27.
XZ = 0,0, 2842,

\ YZ = 0.0, 43-57,
I = 202 signifies radiation conductor, 14,
( J K | Nodes to whioh radiation conductor is connected, 5-8
and 9-12,
XY Computed by multiplying the gray body view factor
times the view area by the Stefan-Bolizmann constant,
BTU/min, 'Rt 13-27,
XZ_- 0.0, 28-42, : b
Y2 « 0,0, 4356,

. (leave last two integers blank)




N
+-

I « 300 signifies’ capacitance values, l-k,

r

NUMBER OF
CARDS :

LYDIA .
NUMBER OF ¢
CARDS

J
Kau
D4 4

N

Index on the total number of nodes, 5-8,

0, solid nodes, 9-12,

Capacitance of the solid nodes, calculated as the volume

of the node times the density of the node by the
specific heat of the node, BTU/°R, 13-27,

Fraotion of input heat leak entering node J. dimen-
sionless, 28-42,

Fraction of heater output entering node J, dimensione
less, 4357, ‘

(leave last two :Lntegér;}sla.nk)

Index on the total number of nodes, 5-87

1, fluid nodes, 9-12,

Node volume, cue fte, 13=27,

Fraction of input heat leak entering node J, dimensione

less, 28-42,
0.0, 43-57
(1eave last two integers blanik)

I - 301 signifies end of capacitor and conductor input, l-k,

1 Card Only

J .

™

Number of time inorement steps between printout for
pressure rise and venting calculation parts of mission,
5«84

Rumber of elements in STIR vector, see below, 9-12, -
Maximum pressure for venting during supply part of
mission, psia, (For proper heater control XY must

be greater than PMAX + DELP), 13-27. L




XZ - Maximum time allowed for filling and withdrawal (program
terminates at this time or whep.»mass becomes 5% of
original £il1, whichever happens first), 28-‘&2;.

Y2 1,0 for complete mixing option, otherwise 0,0 or +1.,0s"

If 41,0 is used, the problem is reset with the mixed -

pressure and f.emperature upon exit from Subroutine-

| MIXUP; If 0.0 is used, the problem retains the

original temperatures and"pfessure upon exit from
MIXUP, 43-57. |

LP Number of time inorement steps between pm:l.nton’c. for
supply pa.i't of.mission, 58=61, |

NAR Mass flow 6ption. If NAN 1§ n_ega.five, mass flow is |
oomputed. If NAN is zero or positive, no mass flow

is assumed, 62—65. -

STIR VECTOR CARDS, mmm (2E20.5)

r

NUMBER OF {

STIR (I) - enter the times, in min, at which the MIXUP sub-

routine is to be entered, -The times must be in order and the

first should be greater than or equal to TTWO, The last time

should be greater than X2 of the 301 card to prevent over-

running of the vactcn', 1-20.

I.eave second number blank,

TIME VARYING MASS WITHDRAWAL CARDS, first oard uses Foma.t (Il») and othars are

" Format (2E20,5)

1 Card Only

X

Number of cards in veotors DOSX and ROSA, 1-k,

PR
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DOSX{I) For mission time less than DOSX(I) the mass supply
rate is ROSA (I-1)e Units are minutes, DOSX(1) is
never used and 2 = I = K, 1-20,

ROSA(I) Supply rate in units of 1b/min. (These are used in -

" Subroutine SMERSH), 21-40,

~ TIME VAﬁYING HEAT I.EAK,Efdrst card uses Format (I4) and others are Farmat

(2E20.5) o

1 Card Only K Number of cards in vectors PUFF and SPOT, 1-4,

Am(t) For time less than PUFF(I) the foigal system heat leak
is SPOT(I-1)., Units are mimmtes. PUFF(1) is never
used and 1= I =X, 1-20,

SPOP(I) Total heat leak in units of BTU/min, These vectors
are used in Subroutine GULCH, This total heat leak
is divided among the nodes according to the X2 entry
of the 300 network cards, 21-40,

. THERMODYNAMIC DATA CARDS |
TEMPERATURE VECTOR, °R | FORMAT. (F10.5, Ih, 62X, I4)
PRESSURE VECTOR, *R . ~  FORMAT (F10.5, Ik, 62X, I4)
HDATA, BTU/1b

ZDATA  FORMAT (8F9.k, 2I4)

CDATA, BTU/min £% °R
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CALL 2gom

J.I.l

SUMK w O,

I < NODES

»={ SUMKT « O

)

x-umwf

28

FIND NEM
TEMP(I)

J-J'O-l

I ZNODES

ask ¥ AP



CALL DATA

InlI+B
.(VAPOR TABLE)

FIGURE 7

FOUR P2
INTERPOLATION

Ao

J>K

J<sK
12

“INTERPOLATION

RETURN

FLOW CHART FOR DATA &




CALL TIME 2 TIMAX

EXIT 2

IP< IT

CALL

EXIT |

\ﬂ'
W
b




T™wnd

Lyed
& aida Ly

EQND

Linoar
Int. on TP,
LINDA = 2

TRMP(I) = TP

FIGURE 9 FLOW CHART FOR MIXUP
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INPUT CARD SEQUENCE
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SAMPLE PROBLEM L

Data Preparation
In order to apply the finite difference portions of the program to

the 11,14 in. diameter sphere containing oxygen (see sample problem in
Statement of Work, Appendix A), the sghere is partitioned according to
Fig. 11, Nodes 1 through 6 are fluid nodes, modes 7 and 8 are the
spherical heaters, and node 9 is the outer shell, ‘

Tnput is based on the following specified conditioﬁ and sample
calculationss '
DATA CARD 1

MWT - 32

QLEAK 0,061 Btu/min

VOLUME - 0,418 £t

ZASS = 26,97 lbs,

. o } specified for sample problem, Appendix A

ZIQMAS « 26,97 lbs, NS ,

PZERO = 14,7 psia

PMAX « 900 psia

TWO = 11460 min,
_ DATA_CARD 2
 IRMA - 3 (nodes numbered 7 fo 9)
LYDIA =6 (nodes numbered 1 to 6)
LULU « O (since thickness of heaters is negligible)
LISA « 10 (Aeee Fige 11 showing the conductors and. the nodes they

ocnnect)

e




3

KM « 2 (nodes 7 and 8, anél 8 and 9 are radiatively coupled; radiation
béfween 7 and 9 due to holes in heater 8 was assumed negligible)
DTIME o 1,0 min,
DTIM « 0.5 min,
DELP « 50 psi
FLUX = 2,0 Btu/min, (problem specifioation)
Sample calculations for conduotor coefficients and ocapaoitance now
folloir. Consider a oonductor coefficient for the condu¢tor between nodes
3 and &4, | .
XNDR = cdndu;:t:lng area/path length
- ‘&7Trm2//( = 9,6 ft,
r, - 2.850 in, is the mean radius between nodes
3 and 4, see ), of the right column of Fig. 11,
Now /- r5 -T, = 0.887 in., where the r's
are conductor radii from the ieft column of
Fig. 11, |
Thus the coefficient on the 201 data card, Appendix B, which applies to the
conductor joining nodes 3 and 4 is 9.6 ft. Ten coefficients must be cale
culated, corresponding to each of tﬁe ten conduoctors shown on Fig, 11,
Nodes 2-3 and 4=5 are connected through holes in the spherical heaters,
In this case the conducting area is the area of the Loles in the respective
heater surface. _ |
Because of the high conduotivities of the metal ‘elements in this

DI
S .

system, no solid conductors were used, -




A corresponding value for radiation is caloulated by mltiplying the
. gray body view factor times the view area by the Stefan-Boltzmann constant.
Hence, between nodes 7 and 8: |
XNIR = SFA T (for convenience %7 = 1.0) S
- 41220

- WT‘-A%&- £t% (2.855 x 10"1_1

~12
min®°R

ft min'B.Q'
XNDR = 8.99 x 10

The capacitance of the solid nodes is calculated as for node 83
CAP = VOL (Density)(cp)

VOL = Wr “8 “(Thickness)

' where division by 2 accounts for holes in the heater shell,
O VOL = (6.28)(3.800)2(.025) = 2427 oue in.
density = 0,318 Ib_/in’, C, = +090 Btu/1b °R
. Therefore " CAP = (2.27)(6.313)(0.090)
| = 0,0648 Btu/°R,
The volume of tho £1uid nodes is also needed, . |
VOL = --7T(r6 - r53)

, . ‘ node radii Te = 4,685 in, ré - 3.925 in,

(4,1889)(47,960)
1728

YOL = 0,116 ft’,

VOL =

In addition to heat capacity input it is necessary to apportion input
heat leak and heater power among the nodes, This apportionment is performed

by means of a set of positive fractions of sum unity., For this problem

O




CONIUCTOR RADIX
rl - 10“‘55 in,

r’ » 1.965 hlo .

r,’ - 2.‘#)8 in.

., = 3,325 dn.

b o -, 30863 in.
1-9 = 5,127 in.

x"lo = 5.570 in.

T2

INNER NODE RADII

Y- C?.'O in.
.-' 00950' ino
r, - 1.900 ino

r} - 2.025 ho K

¥y, = 24850 in.

re - 30800 in,

. 1'5 - 3.925 in.

r6 - “'.685 i-no

r9 - 5.570 :l.n.

| Pig, 11 (OXYGEN SYSTEM NETWORK
Lo

L
/U
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the input power fraction ‘for node 7 is 0,2025, and for node 8"a.'v‘a1ue-
of 0.7975 1is used. Nc; other nodes receive direct input power, thus tl'ne
input fraction is zero for these gthar nodes, This set of fractions is
listed on the 300 data oards of Appendix B, An identical procedure is
used for the input heat leak. '
Resul ts oo

Trial runs wefe perfomed using the above input data in order to
verify the consistency of the program, Figs. 12, 13 and 14 show results
for a test proplem, |

FPig. 12 shows how fluid mass varies with time for a problem using
finite differences and allowing for mass flow between elements. The time
required for the heat leak (0,061 Btu/min.) to take the initial charge to
a single phase pressure (80 psia) is 6978 mins. It is at this time that
the problem really begins. During the period from 6978 to 7760 min.,
system pressure increases from 80 to 1000 psia while fluid mass is held
fixed at 26,97 lb, From 7760 to 11460 min. pressure is held constant at |
1000 psia and the mass is reduced to 25.2 1b. by venting fluids., At this
tim¢ mass is removed at the constant rate of 0.0103 l'b./min., as indicateci
by the cm;stant slope of fhis portion of Fig. 12, To demonstrate the
ability to change supply rate, the rate is increased to 0,02 lb./min. at
13000 min, The problem terminated at 13382 min. when only 5%' of the
original fluid mass in the system rema;l.ns. |

Fige 13 shows the temperatures of elements 1, 6 (fluid) and 7 (a
heater). During the pressure rise and venting portions of the mission,

small temperature gradients exist over the system. For the supply period




38
element 7, & heater, shows a sharp rise and decay of temperature eaﬁsed
by the on-off control systems Fluid temperatures also rise and decay but
with much lower amplitu_c"ie.. Generally, the temperatures show a tendency
to increase as fluids are removed,

Fig. 14 shows pressure variation with time., Behavior during pressure
rise and venting periods follows the expected variation, During the supply
period, fluoctuations are observed and these are caused by on-off phases of
the supply heaters. Control is such that the heater is on for pressures
less than 850 psia and off fo; pressures above 950 psia, Toward the end
of the mission, as the stored mass is sufficiently reduced, pressure fluctuaw
tions increase in amplitude. At 13150 mins, the vent pressure of 1000 |
psia is reached and additional fluid is vented in order to maintain pressure
at 1000 psia, The emount vented in this manner is not great, about 1%
of the initial charge.

Figs, 15 and 16 show temperature and pressure ocalculations for the
same problem with the exception that no mass transfer effeots are cons:lderéd.
General trends for the two sets of caloulations are very similar. Slightly
greater temperature gradients exist in the latter ocase, which is no su.rpiise.
Electrical input in the former case was 1428 Btu and in the latter case
1482 Btu were consumed, For this pio'blem mass transfer effects do not
seem very important.

Fig. 17 shows temperature and heater flux for this storage system
based upon calculations assuming perfect mixing within the fluid, Tempera-
tures follow the general trend of Figs. 13 and 15, Flux variations reflect
both changes in fluid pbg:eioal properti‘ea. and the manner of tabulating
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" thermodynamic data. The analysis here is different from that used in

producing Figs. 13 through 16, Here pressure is mixed and solutions give
heater flux. The previous results assume constant heater rating, 2 Btu/m:lno.
and solutions give pressure fluctuations resulting from on-off heater
control, Electrical energy consumption is 1900 Btu, a samewhat higher
figure from those noted above, This higher figure reflects the fact that -
more energy remains in the system, Fluid temper;turea on'Fig. 17 Areach |
900°R while those of Figs. 13 and 15 are on the order of 500°R,

Pressure change from mixing effects are shown in Table III, At the
times indicated t;heb adiabatic mixing routine (MIXUP) was called, In every
case the mixed pressure vas lower than the unmixed pressure, At 12000 min,
the most drastio change was noted; it was a drop of 178 pei.

Table III
Pressure Changes From Mixing

Pime Pressure Mixed Pressure Mixed Temperature
| min, psia o psia ' °R

us0 86l - e0 225

12000 93k o 756 o 265

12500 . 9 - - 8% 284

13000 93 | - 894 . 321

Qutput Fxamples
Tables IV, V and VI show selected output pages from the test problem

described in 'Piea. 12-14, Table IV {llustrates the preliminary output as
well as the first level of output for the pressure rise portion of the

computation. Because of the extensive use of headings, the table should

el R A e o i T
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be easily understood. The first lines identify the storage fluld (oxygen,
hydrogen or helium) and some of the input data. If .the mass flow option
is called, as this problem does, the me.asage "Mass Flow Between Fluid
Volume Elements" is obtained. The next 1ine gives the standby time = *
time necessary for input heat leak to bring initial charge to a single
phase state, Also shown on this line are starting pressure and tempera-
ture for the finite difference calculation., If venj:ing is necessary, as
is the case here, the time at which venting pressure is attained is shown,
Because of mixing effects this is not exactly the same as the time which
would be computed by the finite difference technique. If additional heat
input is necessary, the amount required would be shown here. Output from
the i‘inite difference calculation follows. At each level both time and
pressure are shown on a single line., Next the time step criterion is
shown (1.24) and the folloﬂ.ng integer (7) is the node at which this value
was obtained. This information might be useful in preparing subsequent
problems, For example, by changing the network configuration in the sube
sequent problems, it might be possible to. employ a larger time step.
Finally, the temperature distribution is shown,
Table V illustrates output for the venting calculation. Pressure is
~ held fixed at 1000 psia and mass is reduced as the temperature rises. The )
word “Venting" at the :right of the table identifies this mode' of operation,
Table VI illustrates output for the supply calculation., The heat flux
colunn shows whether or not the heater is on, If it is on, the entry is

the total heater output., If it is off, the entry is zero. The heat inpuf

— " T IR Y g gy g e
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column gives cumulative electirical energy supplied via the heaters. The

excess vent column indicates total fluids vented during the supply part

_of the calculation, At time 13000.6 min, the program entered MIXUP. The |
mixed pressure and temperature were found to be 942 psia and 325.9°R, S

see Table VI, The unmixed pressure, as the table ahowé, is 973 psia.
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" RECOMMENDATIONS AND CONCLUSIONS

During ths course of the project avnumber of problems were treated
in a fashion that left something to be desired, These problems will be N
ennumerated here, and, hopefully, they can be handled in a more rigorous
manner later,

l. The necessary thermodynamic and transport data for oxygen, hydrogen
" and helium are not available, Conductivity values for helium in the regions
of interest were conjured up from a generalized correla.tion6. No single
report was sufficient to cover the required range of pressure and tempera=~
ture -~ thus different sources had to be pleced together. It is not
diffioult to find obvious errors in the Compendiuma. In view of this
situation it is recommended that generous factors of safety be used on
equipment designed with these data. Because of the importance of these
data, it would be advisable for NASA to acquire and assemble a consistent
set of thermodynamic and transport properties for ox&gen, hydrogen and
helium,. ‘

2, Hydrogen exists in two forms =~ ortho and para h&d.rogon. At low
temperatures the para form predominates, but at higher temperatures the
concentration of ortho increases until the mixture termed *normal" hydrogen
is attained. Heats of formation of these species are different, and a thermo-
dynamic analysis of the problem requires a knowledge of the concentration
of each ai;ecies. It was assumed that the conversion from para to normal -
hydrogen occurred between 180°R and 270°R, If data are available on this
 problem, it should be incorporated in the data tables.




3+ In the analysis i1 was assumed that only the energy and"contihuiw
equations were necessary to solve the problem, The momentum equation was
dropped by assuming the pressure to be constant everywhere in the system,
This may or may not be a good assumption. Even minor pressure gradients
might cause significant fluid motion in low gravity oconditions. Since
both theory and computers are available to treat this problem, 1;he
validity of the assumption should be tested.
L, 'The program has only been tested for the rathgr limited problem
in Appendix A, A number of other cases should be run to test the program.
 Problems in hydrogen and helium systems have not been studied.
Because of the nature of this effort -~ writing a computer program,
the number of conclusions is not very extensive, It seems safe to say. .
O ' _that the storage problem oan be anaiyzgd effectively via digital computer
“and "that the results will be useful in hardware aavelopment and interpre-

tation of flight test data.
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SATALFTAT
NOMENCLATURE

A - area for heat fiow, sqe fte
CAP - = capacity, Btu/°R,
c : - thermal capacity of node i
. - '%’?ﬁ', Btu./lb.’ °R‘
- -%—%, Btu/1b., psi.

Q
]

« internal energy, Bitu/lb.

t

&=

« total fluid energy, Btu.
= energy input into element i from heat leak or heater current,

o

Btu/min,
- enthalpy, Btu/lb,
= conductance, Btu/min., °R,

= radiation conductance, Btu/min., °R.

" = thermal oconductivity, Btu/°R, ft., min,

conductance path length, in,

- mass in element 1, 1b,

- total fluid mass, 1b.

- mass flow leaving the right side of volume element i, 1b./min,
- mixed pressure, psia. '

= heat flow rate, Btu/min,

wa-awﬁsoézpz >\k‘ R, W H

- gas Oonﬂtant. Btu/lbo. *R, -

H

= radius, in, S -
-~ temperature, °R, o *

-~ mixed temperature, °R,

- time, min,

"‘
=} BB 3

. defined by (19)




-

VoL

<

M

= volume of elément i, ou. ft,
« volume, ocu. ft. :

- -8

- volume of all fluid sle

= distance variable

« compressibility faotor

- % %o 5L,
D2 -

- --6-13', psi 1.

= time increment, min,

= gray body view factor

= fluid density at pressure P and temperature Ty» 1be/cue ft.

« Stefan~Boltzmann constant, Btu/m:l.n. 8Q. ft'. ’R»l‘f.
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" APPENDIX A
STATEMENT OF WORK '

SCOPE ‘

An ana.lyﬁcal study shall be performed to establish the transient heat
and mass transfer characteristics of a supercritical oryogenic storage
system in a zero "g" environment. The information which is developed shall
include transient temperature profiles in the stored fluid, heater surface
temperatures, and vent rates, Only one specific heater design and fluid
shall be considered. The results of this effort shall be a generalized
computer program for transient three dimensional heat transfer analyses
of spherical oryogenic pressurization heaters, which has been checked out

O o with the problems stated herein,

SYSTEM DESCRIPTION

The system shall consist of a spherical vessel with two internal
oconcentric spherical heaters, Fluid shall be withdrawn frém the aysfem
in accordance with the flow history shown in Figure 1 from a withdrawal
port loocated at the top of the vessel,

The vessel wall shall be considered as the system boundary with a
uniform heat leak across the wall of 3,68 Btu per hour. The inside diameter
of the vessel shall be 11,14 inches. The two concentrio spherical heaters
shall have inside diametgrs of 3.8 inches and 7.6 inches., The heaters
are constructed of copper 0,125 inches thick. The heater spheres shall
have 50 percent of the surface area removed with lightening holes to

Aoy 3 s




A-2
provide for circulation., The holes may bé assumed to be equally ‘spaced
over the two heaters, and are approximately 0,50 inches in diameter, The
heat input from the heatera to the fluld mgy bs assumed to be equal for
each unit area of heater surface,

The withdrawal port shall be looated at the top of the vessel and
shall be 0,50 inches in diameter,

Problem interest shall begin i:.pon campletion of vessel filling and
continue through thé oompleté cycle of flow demand., The vessel shall be
. loaded with 26,97 lbm of 10X, at 163°B, and at 14,69 psia., After filling,
the system shall be sealed and pressure a.llowea to rise until an operating
pressure of 900 psia is reached, The system shall then enter a vented
) standby condition until the normal supply portion of the mission is reached,
| Once operational pressure is reached the system shall operate in a constant
pressure mode, The power requirements shall be caloulated as a part of
this programe All input energy must be assumed to enter the system from
the heaters, with the exception of 3,68 Btu per hour which enters through
the vessel walls,

The overall system schematio shall be as shown in Figure 2, The
- gravity profile shall be as shown in Figure 3
Statement of Work -~ Delete from the Lth parsgraph, Statement of Work,

3.0 System Description, of Reference (b) Operations Directive the sentence

which readss "Once operational pressure is reabhed the system shall




A3

operate :Ln:a. oonstant pressure mode." The following sentence shall be

substituted:s "Once operational pressure is reached the system shall

operate within a range of plus or minus 50 PSI of the operational pressure."”
The following sentence shall be added to the above referenced Lth -

paragrapht “"The heater input rate shall be 3600 B‘l‘U/'H.RE'l’2 for the actual

‘heater area."
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Appendix D

List of Variables

~Oonductivity, BTU/°R, min,, fte
-A veotor whose elements are thermal capacitances, BTU/°R

~Varisble for enthalpy interpolation, BTU/1b

CDATA (J, I)=A matrix whose element in row J, column I, is the conductivity

CNIDR
CcoP
coT
CP
cs
CcT

DELP
DELT

DENSE

DETEE

DOSKX
P

DPDT

DTIM

DTIME

at temperature TEM(J) and pressure PR(I), BTU/min, °R,, ft.

" «A vector whose elements are canductor values, BTU/min., °R

«Partial derivative of conductivity with respect to temperature

=Partial derivative of conductivity with respect to pressure

' ~Partial derivative of enthalpy with respect to temperature

~Total capacity of solid nodes, BTU/°R

=Partial derivative of enthalpy with respect to pressure

~Pressure differential for heater control, psia, heater is off

vhen pressure exceeds PMAX + DELP and on when pressure is
lower than PMAX « DELP

=Mixed temperature inorease ocorresponding to time step DETEE, °R

~Working wvariable

-A vector whose I? element is the fluid demsity, lb./ou. ft., at
node I at the previous computing step .

«~Computing increment, min,

~A vector whose elements mark times at whioch fluid supply rate
changes, see input instructions .

-—Difference in pressure between columns in data table

- =Rate of pressure change, psi/min,

=Difference in temperature between rows in data table

«Computing inorement when heater is on

~Computing inocrement except as above




[

FOLD
FLUX

HDATA (J, I)

HTWO

HZERO

IT

JACK

JAN (I)
JILL.

Jm (1)
JIP

D=2
~Fluid mass at beginning of tine'step, 1b, T
~Total energy of all fluid nodes, BTU |,
=Initial mass, 1lb,
=Variable for density interpolation , : ) N

-A vector whose elements are flow rates between nodes, lb/m:ln.

~Working variable
~Total heater rating, BTU/min

“=Density, 1b/cu.ft.

~Enthalpy, BTU/1b,

=A matrix whose element in row J, column I is the enthalpy at
temperature TEM(J) and preasure PR(I), BTU/lb.

~Saturated liquid enthalpy at PZERO, BTU/1b,

~Enthalpy of the system at two phase boundary, BTU/lb.
-Saturated vapor enthalpy at PZERO, BTU/1b,

=Average initial enthalpy, BTU/1b,

~Index parameter for print out

~Number of solid nodes

~ «=Number of computing steps between print out for pressure rise

and venting operation

=A vector whose elements are conductor numbers, a zero element
is used to distinguish between conductors attached from one
node and those attached to another

~=A veotor whose elements are node numbers == if there are N

conduotors and M nodes in a problem, there will be 2N + M
elements in JACK and JILL

- =Vector such that I® element is a node connecting conductor I

=Integer variable

WIRMA + 1

. =Vector such that the IR element is a node conneoting conductor I




KIM

LILY

LINDA

LISA
LISP
LOLA

LOLITA .

LORA
Lp

Locy
LULU
LYDIA

MABEL

MANCHA
MANDY

NAXN

NCNDR

NODk3

PC
PEMAX

D-3

«~Number of radiation oonduotors

"«LULU + 1 K

~Interpolation variable

~Number of fluid conductors | )

' «~Number of elements in STIR veotor

«LULU + LISA + 1

~A vector used to distinguish between.solid and fluid nodes
= the first IRMA elements are all the solid node numbers

«Number of elements in JACK vector

=Number of computing steps between print out for supply portion
of operation

«LULU + LISA
«=Number of solid conductors
«Number of fluid nodea

«Variable used to control exit from instruoctions which compute
ZSAZSA .

=Indexing variable of the STIR vector

=Node number having ZSAZSA

=Stored fluid molecular weight

~Variable used to distinguish between mass transfer operations
== NAN is negative implies the mass flow terms are included
in the energy equation, otherwise the mass flow terms are
neglected

=Total number of conductors:

«Total number of nodes

«The pressure, psia, used by the DATA subroutine for computing
density, compressibility, enthalpy and condnotivity

" =Critical pressure, psia

=Pressure in psia at whioh both fluid supply and venting ocour

«~Supply pressure, psia




PCLD

PR

PSAVE
PIWO
PUFF

PZERO
QDOT

o (1)

Qs (1)

RC
RHO
RHOC
RHOT
RO

" ROLD

ROSA

R3

=Pressuré at-preceding computing step, psia

=A vector whose elemsnts are pressure, psia, for example PB(I)
gives the pressure corresponding to column I of the enthalpy

tabls

~Pressure in system before mixing, psia _ .

_=Pressure of the system at two phase boundary, BTU/1b,

«A vector whose elements mark times at which input heat leak
changes, see input instructions

-Pressure at filling, psia
~Actual heater output, BTU/min.
~Fraction of input heat leak entering node I

~Input heat leak, BTU/min,

. =Fraction of total heater input entering node I

~Variable for demsity interpolation, 1b./cu. ft.

=Gas constant, psia, ocu. ft./l'b., R

‘=Average density, 1lb./cu., ft.

~Critical density, lb./ou. ft.
~Density, 1b./cu. fte. |
~Density, 1b./cu. ft,
~Density, 1b./ou, ft.

«A vector whose elements are fluid’supply rates, see input
instructions

~Variable for density interpolatiom,. 1lb./cu. ft., °R
-Gas constant, BTU/1b, °R
~Variable for density interpolation, 1b./ou. ft. psi

~Variable for demsity interpolation, 1b.,/cu. ft.

~Variable for density interpolation, lb./cu. ft.

~Variable for demsity interpolation, 1lb./cu. fte




SLOPE

SOLD

SOURCE

SPOT

ST

STIR (1) :

SUM
SUMP
SUMK
SUMKT

- STMV

SUSIE

T0

TEMP

THALP
TIMAX

TIME
TONE

TSTAR
TTWO

D=5

=3lope of a line o T

 =Working variable }

-A veotor giving total heat inpmt contribution from heat leak,

heater output, pressure change, BTU/min.

N\

-A vector whose elements are heat lesk rates, see input instruotions

~Time necessary to bring the system from an initial £ill having

two phases to a single phase oondition, min,

«This vector gives mission times at which stored fluid is to be
mixed, min, '

~Working variable

=Cumulative heater output, BTU

~ =Sum of conductor values attached to a node, BTU/min., °R

-Sum of products of conductor values and temperatures for‘ a node,
BTU/min,

=Cumulative fluid vented during supply time

=Option parameter -- see input instruotion list

- «The temperature, °R, used by the DATA subroutine for computing

density, compressibility, enthalpy and conductivity
=Critical temperature, °R

=A veotor whose elements are "tAemperature, °R, For example TEM(J )

. glves the temperature corresponding to row J in the enthalpy table

- =A vector whose elements are node temperatures, °R

~A vector whose elements are enthaljwy, BTU/1b

«Time in min, used to stop program

~Lapsed time since filling, min, ,
| -~Temperature of the system at two phase boundary, °R

~Mixed fluid temperature, °R

-An interpolated saturation temperature, °R
~Time for fluid supply, measured from £ill time, min,

A e



TZERO

VENT
VoL (I)
VOLUME
XMWT

XNDR

- 2

ZAP
ZASS

ZDATA (¥,I)

-ZDOT
ZILCa
ZIQMAS
Zp
ZSAZSA |

VA

S

-éaturated tomperature at PZERO, °R e
AT iji/cAP(I), dimensionless

«Masa vented during one time step in supply operation

-A vector such that element I is the volume of fluid node I N

 =Total stored fluid volume, ou.' ft.

«Stored fluid molecular weight in floating point form
«Conductor coefficient, for fluid conductors this is transport
area divided by conductor path length, ft., but for radiation
conductors it is the product of thehstafan Boltzmann constant,
area, and view faotor, BTU/min., °R.

«Compressibility faotor

Zxit mass rate, lb,/min,

«Stored fluid mass, 1b,

=A matrix whose element in row J, column I, is the compressibility
factor at temperature TEM(J) and Pressure PR(I)

. =Fluid supply rate, 1b./min.

«=An intermediate variable used in the DATA subroutine

© ~Liquid phase mass at fill time, lb,

~Partial derivative of Z with respect to temperature

~Maximum valué of computing increment times sum of conductors
divided by capaocity

éPartial. derivative of 2 with'respeot of. pressure,




Appendix B -

Derivation of the Energy Equation |

The energy equation simply assumes that input minus output is acoumu-
lation., Beocause of the small velooities involved, the neglect of kinetio

energy seems Jjustified, Thus the equation is
[ ]

a( PE;) Pn
13 i-1 .
17 dt 1-171-1 70, 7 U-1,4
; (B-1)

. Pm .

~ On the lofft side of (E-1) is the rate of energy acoumulation in
volume plemexit i. The l:ll'a' terms account for bu."Lk flow between elements
while the terms oontaining P represent work associated with moving mass
into or out of volume elements, The q terms account for conductive heat
flow. The P term represehts input heat, as from an external leak or a
heater. Next the left side of (E-1) may be expanded using the law for

differentiation of a product
de d.P . .
—t i) .
V[Pt ] e m g UYa1,4
‘ (E~2)

=ty t Ty B

-The second term on the left side of (E-2) may be replaced by (8) to
give . . ' i -
dE e : ‘
. 4 - * : :
Vi Pygemmyy @y - B) +my (B -E)

. (-3)
+ Z qu +P:l
.3
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The dependent variables of most interest are pressure and temperature and

these may be mtroduoed by the following relations.

E=H = .
dB dH ar ar ap ‘
at = at ~ B2 gt ~ BT%p g% - BlZ%p g3 (E-5)
dH ar o |
it ~Cpas * qr dt (2-6)

Introducing (E~4), (E-5) and (E-6) into (F—}) leads to the following

expression for the energy eqnation.

vy Py (Gp - BZ- RTZP) 7 - anz*"*‘il(gil"nx*z“)
J

- my BT, -V, Py (6 - B12,) &

The above is the same as (16) in the main text.

ZRT (E-4)

(&)




